Protein phosphatase-1 (PP1) activity is important for many calcium-dependent neuronal functions including Hebbian synaptic plasticity and learning and memory. PP1 activity is necessary for the induction of long-term depression, whereas downregulation of PP1 activity is required for the normal induction of long-term potentiation. However, how PP1 is activated is not clear. Moreover, it is not known whether PP1 plays a role in homeostatic synaptic scaling, another form of synaptic plasticity which functions to reset the neuronal firing rate in response to chronic neuronal activity perturbations. In this study, we found that PP1 inhibitor-2 (I-2) is phosphorylated at serine 43 (S43) in rat and mouse cortical neurons in response to bicuculine application. Expression of I-2 phosphorylation-blocking mutant I-2 (S43A) blocked the dephosphorylation of GluA2 at serine 880, AMPA receptor trafficking, and synaptic downscaling induced by bicuculline application. Our data suggest that the phosphorylation of I-2 at S43 appears to be mediated by L-type calcium channels and calcium/calmodulin-dependent myosin light-chain kinase. Our work thus reveals a novel calcium-induced PP1 activation pathway critical for homeostatic synaptic plasticity.
Introduction
Protein phosphatase-1 (PP1) is ubiquitously expressed and plays critical roles in many physiological processes, such as mitosis, insulin resistance, and synaptic plasticity (Ceulemans and Bollen, 2004) . In neurons, PP1 plays a fundamental role in many calcium-dependent cellular processes, notably Hebbian synaptic plasticity and neuronal cell death. Specifically, PP1 is necessary for the induction and expression of long-term depression (LTD; Mulkey et al., 1993; Morishita et al., 2001; Hu et al., 2006) , whereas the downregulation of PP1 activity by an endogenous signaling pathway is required for the induction of long-term potentiation (LTP; Blitzer et al., 1998) . Consistent with this, PP1 activity regulates the induction threshold of potentiation versus depression (Jouvenceau et al., 2006) . In addition to its function at the synapse, PP1 activation is also required for CREB inactivation in the nucleus, thus limiting the amount of CREB-mediated gene transcription (Bito et al., 1996) . PP1 functions to constrain learning and memory because of its roles in Hebbian synaptic plasticity and CREB-mediated gene transcription (Genoux et al., 2002) . The PP1 molecule was hence called a molecule of forgetfulness (Silva and Josselyn, 2002) .
Despite the important roles of PP1 in these diverse calciumdependent neuronal functions, how PP1 is activated by calcium is not clear. This is due in part to the fact that PP1 does not bind to calmodulin and is thus not activated by calcium and/or calmodulin directly. The difficulty of studying PP1 lies in the fact that there exist many PP1 regulatory binding proteins (Ͼ100), functioning to increase/modify PP1 substrate specificity and/or regulate PP1 enzymatic activity. Each PP1 holoenzyme, formed between the catalytic subunit PP1 and its regulatory binding protein, plays a different function from other PP1 holoenzymes. PP1 pharmacological inhibitors inhibit most of the PP1 holoenzymes as well as other protein phosphatases. Thus, manipulating individual PP1 regulator proteins will be more informative for studying the role of PP1 in specific cellular process.
One cellular process with a potential role for PP1 is synaptic scaling, or homeostatic synaptic plasticity, a negative feedback response in neurons to reset the neuronal firing rate in response to chronic perturbations of neuronal activity (Turrigiano et al., 1998) . Chronic elevation in neuronal firing leads to a reduction of glutamatergic synaptic strength, termed homeostatic synaptic downscaling, which shares with LTD the trafficking of surface AMPARs as an expression mechanism. However, whether PP1 plays a critical role in synaptic downscaling is not known. PP1 activity is controlled by a number of regulatory proteins, including inhibitor-1 (I-1), inhibitor-2 (I-2), and dopamine-and cAMP-regulated phosphoprotein-32 (DARPP-32). However, the expression level and synaptic localization of both I-1 and DARPP-32 are relatively low in cortical and hippocampal CA1 neurons (Allen et al., 2000; Glausier et al., 2010) .
In this report, we found that I-2 is expressed in both cortical and hippocampal neurons and can localize to vesicular structures at synapses. We show that I-2 is phosphorylated at S43 by elevated neuronal activity. Expression of I-2 (S43A) blocked the bicuculline-induced GluA2 dephosphorylation at S880, a known PP1 site (Hu et al., 2007; States et al., 2008) , suggesting that PP1 is activated by bicuculline application. We found that ataxia telangiectasia mutated (ATM) which has been shown to phosphorylate I-2 at S43 in HEK293 cells, is not the I-2 kinase in cortical neurons. Rather, our data suggest that the calcium/calmodulin (Ca 2ϩ /CaM)-dependent protein kinase (MLCK) phosphorylates I-2 at S43. Finally, we demonstrate that the PP1-I-2-MLCK pathway activated by L-type calcium channels is essential in homeostatic regulation of glutamatergic synaptic efficacy in cortical neurons.
Materials and Methods
Primary neuronal cell cultures. Primary cortical neurons were prepared from mixed male/ female E18 Sprague Dawley (SD) rat embryos or P0 mouse pups for wild-type and littermate ATM knock-out mice. Cells were plated at 0.5 ϫ 10 6 per well (ϳ50,000/cm 2 for biochemistry, ϳ25,000/cm 2 for immunostaining) on poly-L-lysine (50 g/ml in borate buffer) coated 6 well culture dishes (or on glass coverslips for immunostaining and electrophysiology) in neurobasal medium supplemented with 2% B27 and 1% glutamax (Invitrogen). Three-to four-weekold primary neurons were used in all experiments except noted. All experimental protocols for live animals were approved by the Institutional Animal Care and Use Committee of Louisiana State University Health Sciences Center. ATM founder mice were obtained from Dr. Shyamal Desai (Department of Biochemistry, Louisiana State University Health Sciences Center) with the permission of Dr. Peter J. McKinnon (St. Jude Children's Research Hospital, Memphis, TN). ATM KO mouse generation was described by Herzog et al. (1998) .
Immunofluorescence. Immunofluorescence was performed exactly as described by Hu et al. (2007) , except as noted. Primary antibodies I-2 and PSD95 were used and secondary anti-goat conjugated Alexa Fluor 488 (for I-2), and anti-mouse conjugated Alexa Fluor 568 (for PSD95) were used in this study.
Immunogold electron microscopy. Postembedding immunogold labeling was based on established methods (Petralia et al., 2010; Wu et al., 2011) . Controls, lacking the primary antibody, showed only rare gold labeling. 
Constructs, transfection, and recombinant viruses. CFP, CFP-I-2 (WT)
, and CFP-I-2(S43A) was cloned from pECFP-C1 (Clontech) into improved Sindbis viral expression vector of pSinRep5 (nsP2S726) (Kim et al., 2004) . Sindbis viruses were prepared as described previously (Hu et al., 2007) , except that DH-BB helper was used. Cortical neurons were infected to nearly 100% for biochemical Western blotting experiments. For electrophysiology recordings, transfection was done by calcium phosphate precipitation method with DNA constructs unknown to the experimenter.
Antibodies. Antibodies were obtained from Thermo-Scientific (PSD95 MAb, mouse), R&D systems (I-2 PAb, goat), NeuroMab (GluA2 mAb, mouse), and Santa Cruz Biotechnology (B-Tubulin mAb, mouse). The description of rabbit polyclonal I-2 phospho-antibody pS43 can be found in Tang et al. (2008) .
Chemicals. Drugs and chemicals were purchased from Tocris Bioscience (TTX, D-AP5, CNQX, nimodipine, wortmannin, NMDA, ML-7, ML-9, and picetannol), Sigma-Fluka (bicuculline and A3), ThermoPierce (sulfo-linked biotin), and Calbiochem (MLCK inhibitory peptide 18 [L-PIK]).
Surface receptor analysis. Surface receptor analysis was performed as previously described (Hu et al., 2010) to determine surface GluA1 and GluA2. Briefly, cortical neurons were cooled on ice, washed twice with ice-cold DPBS 2ϩ and then incubated with 1 mg/ml sulfo-linked biotin for 30 min at 4°C. Unreacted sulfo-linked biotin was quenched by washing cells three times with quenching buffer (in mM: 50 Tris-HCl, 150 NaCl, 1 EDTA with protease and phosphatase inhibitors in DPBS 2ϩ , pH 7.4). Sulfo-linked biotinylation samples were lysed in RIPA buffer where streptavidin-conjugated agarose beads were used to pull down surface proteins.
Electrophysiology. Whole-cell patch-clamp recordings were recorded at DIV 19-22. Pipettes were filled with (in mM): 117 Cs-methylsulfonate, 20 HEPES, 1 EGTA, 0.1 CaCl 2 , 5 CsCl, 2.5 MgATP, 0.25 Na 3 GTP, pH 7.4. External solution consisted of (in mM): 135 NaCl, 3.5 KCl, 2 CaCl2, 1.3 MgCl2, 10 HEPES, 20 glucose, supplemented with 200 nM TTX, 25 M D-AP5, and 50 M picrotoxin. mEPSCs were detected using template fitting in Clampfit 10.3 with a 7 pA threshold. Cumulative distributions were made using 40 mEPSCs randomly selected per cell.
Results
PP1, type one protein phosphatase, was initially defined as those serine/threonine protein phosphatases whose activity can be inhibited by both purified I-1 and I-2 (Cohen, 1989). I-1 does not appear to have a high expression level in hippocampus and cortex (Allen et al., 2000; Glausier et al., 2010) ; however, I-2 has been reported to be expressed in high levels in both the cortex and the hippocampus by in situ hybridization (Sakagami and Kondo, 1995) . We found that I-2 is localized to dendrites and dendritic spines where it partially colocalizes with PSD95 in primary neurons (ϳ48%; Fig. 1A ). This is confirmed and extended by I-2 immunogold electron-micrograph (EM) studies in rat brain (Fig.  1 B, C) where I-2 appears to localize to vesicular organelles within synaptic spines and dendrites similar to those observed by EM for known AMPA receptor endocytic trafficking molecules, such as Arc (Wu et al., 2011) . I-2 localization in endosome and sorting endosome was identified by morphology as per Wu et al. (2011) . The efficiency of our gold-labeling is less than half, so our data that 35% spines containing I-2 gold particles is an underestimate. The quantitative difference from immunofluorescence study (ϳ48%) could be due to the age and preparation differences (ϳDIV21 culture vs P37 rats). Nevertheless, the substantial synaptic and endocytic trafficking vesicle localization of I-2 indicates that I-2 may play a regulatory role at glutamatergic synapses.
It has been reported in nonneuronal cells that phosphorylation of I-2 at serine 43 (S43:   42   KSQKW   46 ) leads to PP1 activation via I-2 dissociation from PP1 (Tang et al., 2008) . To test whether I-2 S43 phosphorylation is regulated by neuronal activity, we treated the neurons with the GABA A receptor antagonist bicuculline to induce robust synaptic activation. In bicuculline-treated neurons, I-2 S43 phosphorylation was increased significantly ( Fig. 2A,B) ; this was detected by an I-2 phospho-antibody recognizing phosphorylated I-2 at S43 (Tang et al., 2008) . The phosphorylation of I-2 at S43 increased dramatically during the first 2 h of bicuculline application and remained elevated through 48 h ( Fig. 2A,B) . Pretreatment of neurons with TTX eliminated the effect of bicuculline on I-2 phosphorylation at S43 (Fig. 2C) , indicating that the increase of I-2 phosphorylation at S43 is caused by increased neuronal firing.
The phosphorylation of I-2 at S43 is bidirectionally regulated by neuronal activity, as treatment of neurons with TTX alone significantly reduced it (Fig. 2 D, E) . Moreover, LTD-inducing stimuli such as direct activation of NMDARs with bath NMDA application did not change I-2 phosphorylation at S43 (Fig. 2D) . Additionally, pretreatment with D-AP5, an NMDA receptor antagonist, did not block the increase of I-2 phosphorylation at S43 by bicuculline (Fig. 3 A, H ) . However, pretreatment with D-AP5 and CNQX combination, which blocks neuronal depolarization (Fig. 3A) , and pretreatment with nimodipine or W7 (the L-type calcium channel blocker and a calmodulin antagonist, respectively; Fig. 3 B, H ) , all blocked bicuculline-induced increases in I-2 phosphorylation at S43. These data indicate that the increase of I-2 phosphorylation at S43 requires depolarizationinduced activation of L-type calcium channels and a Ca 2ϩ /CaM-dependent protein kinase. Activity-driven I-2 phosphorylation at S43 can also be blocked by 2 M, but not 0.5 M wortmannin (Fig. 3C,D,H) . Considering the relative IC 50 of wortmannin for different enzymes (Nakanishi et al., 1992; Sarkaria et al., 1998) which have a S[N/Q] phosphorylation consensus, only two kinases fit into the wortmannin inhibitory window used in these experiments; ATM and the MLCK family. It has been shown previously that I-2 is a substrate of ATM in nonneuronal cells (Tang et al., 2008) ; however, we found that I-2 is still robustly phosphorylated at S43 in response to bicuculline treatment in cultured neurons from ATM knock-out mice (Fig. 3D) . On the other hand, incubating neurons with myosin light-chain kinase inhibitory peptide 18 (termed L-PIK), a specific, cell permeable, MLCK family inhibitory peptide that does not target the CaM binding site on MLCK (Lukas et al., 1999) , completely abolished the increase of I-2 phosphorylation at S43 (Fig. 3E,H) . Consistent with these results, we found that pretreatment of neurons with the MLCK inhibitors ML-7, ML-9, A3, or picetannol all prevented the increase of I-2 phosphorylation at S43 in response to bicuculline treatment (Fig.  3F,G) . These results indicate that MLCK is likely to be the Ca 2ϩ / CaM-dependent protein kinase phosphorylating I-2 at S43.
We observed that bicuculline treatment of neurons decreased the phosphorylation of GluA2 at serine 880 (S880; Fig. 3J,K) , a novel observation. This also is suggestive of PP1 activation because GluA2 (S880) is a known PP1 substrate (Hu et al., 2007; States et al., 2008) . Expression of an I-2 mutant unable to respond to bicuculline treatment, I-2 (S43A), and thus a constitutive PP1 inhibitor (Tang et al., 2008) , significantly attenuated the observed decrease of GluA2 phosphorylation at S880 (Fig. 3 J,K ). These data demonstrate that I-2 phosphorylation at S43 leads to activation of PP1 which then dephosphorylates GluA2 at S880 in neurons.
Finally, we determined the functional consequence on synaptic transmission of inhibiting the I-2-PP1 pathway. Bicucullineinduced chronic excitation of neurons has been shown to result in synaptic downscaling via a reduction of surface AMPA receptors (O'Brien et al., 1998) . In our study, I-2-PP1 signaling is activated over a prolonged time scale by bicuculline treatment and not through acute chemLTD stimuli, and thus we hypothesized that it plays a critical role in homeostatic AMPA receptor trafficking. As expected, prolonged synaptic activation via bicuculline treatment downscaled the number of surface AMPA receptors (Fig. 4A) . Consistent with (Jakawich et al., 2010) , downscaling required chronic activity manipulation as 5 h BIC application was insufficient to alter mEPSCs (Ctrl: 13.4 Ϯ 1.1 pA, n ϭ 9; 5 h BIC: 13.2 Ϯ 1.4 pA, n ϭ 7; p ϭ 0.92). However, expression of an I-2 mutant I-2 (S43A) was sufficient to block this reduction in surface AMPARs, whereas neurons transfected with wild-type I-2 still exhibited downscaling of surface AMPARs (Fig. 4A) . To demonstrate that these changes were synaptic, we recorded mEPSCs from neurons expressing I-2. We found that expression of CFP-I-2 (S43A), but not CFP alone, was sufficient to block the bicuculline-induced downscaling of mEPSC amplitude (Fig. 4B ).
Discussion
We have presented two novel findings in this study (Fig. 4C) .
(1) We have characterized a previously unknown neuronal PP1 activation signaling pathway, mediated through endogenous PP1 I-2 phosphorylation by a Ca 2ϩ /CaM-dependent protein kinase, and (2) we have shown that I-2-PP1 signaling plays a critical role in homeostatic downscaling, a form of synaptic plasticity necessary for the normal function of neurons during elevated activity.
Despite the importance of PP1 in many calcium-dependent neuronal functions, knowledge about PP1 activation mechanisms is very limited. The standard, but speculative, model for PP1 activation in hippocampal CA1 neurons proposed that Ca 2ϩ activation of PP2B, via NMDA receptor channel opening, dephosphorylates inhibitor-1 (I-1) to activate PP1 via I-1 disinhibition (Mulkey et al., 1994) . However, PP2B-independent PP1 activation has been reported in CA3-CA1 synapses (Morishita et al., 2005) as well as in hippocampal neurons (Chung et al., 2009 ). Moreover, no CA1 synaptic plasticity phenotypes were observed in I-1 knock-out mice (Allen et al., 2000) .
This lack of understanding of the mechanism of PP1 activation is surprising given the important roles that PP1 plays in many forms of synaptic plasticity as well as in memory retention. Our study presented here has characterized an NMDARindependent mechanism of PP1 activation by the chronic elevation of neuronal firing. Our data suggest that opening of L-type calcium channels can mediate a calcium-dependent signaling pathway activating PP1 via phosphorylation of I-2 at S43, with MLCK the likely Ca 2ϩ /CaM-dependent protein kinase. Our work thus represents a major step in understanding the signaling pathways activating PP1 in response to calcium signals in neurons. I-2 may be a critical regulator of PP1 for different forms of synaptic plasticity, although at least acute LTD stimuli seem unlikely to alter I-2 phosphorylation at S43. However, I-2-PP1 activity is also regulated by phosphorylation at T72 (Cohen, 1989; Li et al., 2006) . Future work will determine how PP1 is differentially activated in different forms of synaptic plasticity.
The second novel finding from our current work is the elucidation of the role of PP1 activation through I-2 in homeostatic synaptic downscaling. As a relatively new form of synaptic plasticity, synaptic scaling has received much attention lately. It has been reported that gene expression plays a critical role in homeostatic synaptic depression through the immediate early genes Plk2 and Homer1a as well as CaMKK-CaMKIV and MeCP2 proteins (Pak and Sheng, 2003; Seeburg et al., 2008; Goold and Nicoll, 2010; Hu et al., 2010; Qiu et al., 2012; Zhong et al., 2012) . However, bicuculline-induced expression of Plk2 remains unchanged in the presence of inhibitors of I-2-PP1 signaling (Fig.  3I ). More work is needed to determine whether I-2-PP1 signaling is involved in nuclear events, regulating the expression of other genes.
Synaptic downscaling takes longer than several hours to develop. Interestingly, robust I-2 phosphorylation at S43 was observed at 2 h of stimulation, and this may indicate that I-2-PP1 signaling is essential to the early or initiation stage of synaptic plasticity. It is possible that the I-2-PP1 signaling pathway functions to gate synaptic depression, which may then require a combination of many different signals. Although not mutually exclusive, it is also possible that I-2-PP1, based on the I-2 vesicular localization pattern from EM studies, regulates intracellular trafficking to control surface AMPA receptor levels necessary for synaptic downscaling (Fu et al., 2011) . Along these lines, the exact role of GluA2 dephosphorylation at S880 in synaptic downscaling will be an important direction for future research.
In summary, we have characterized a previously unknown PP1 regulatory pathway activated in response to calcium in neurons. This MLCK-I-2-PP1 signaling represents a new and interesting future direction both for investigations into neuronal PP1 signaling as well as glutamatergic synaptic plasticity and AMPAR trafficking mechanisms.
